. Custom mouthpiece inlets. Different models of inlets mouthpiece designs that modulated and shrunk the diameter of aerosol droplets or dry powder after leaving the production system. These inlets were previously used with different drugs and production systems, as referred to in the text.
insulin and antibiotics, have been tested with this administration method [25, [29] [30] [31] 33, 39] . There are also production systems that produce drugs in a form of dry powder.
The aerosol production with the nebulizers starts with the initiation of the production system; the patient inhales the aerosol based on his respiratory capacity, usually through a mask with a reservoir attached. A method to enhance the deposition is to attach a mouthpiece in the reservoir [32, 40] . The different mouthpiece designs ( Figure 1 ) can be attached either in jet or ultrasonic nebulizers. Refer to the 2014 paper from Zarogoulidis et al. for an image of these nebulizers [30] .
In everyday clinical practice there are aerosol-delivery systems that rely on the respiratory performance of the patients, such as metered dose inhalers and dry powder inhalers [41] . However, this equipment has never been used for the administration of aerosol chemotherapy.
Factors affecting the production & deposition
The particles should not exceed 3 μm in mass median aerodynamic diameter (MMAD) [42] . In the pharmaceutical industry, particle or droplet size is determined by measuring the MMAD with a master sizer equipment or a cascade impactor. The respiratory tract has a high humidity of approximately 99.5%. It is known that all drug particles have salts and absorb water from the surrounding environment. The higher the salt concentration, the higher the droplet expansion [43] . While travelling through the airway branches, the aerosol mist or dry powder particles grow in size, depending on the humidity of the environment. They can grow up to 50% based on the salt concentration. The particle size is very important because larger particles, ≥5 μm, will be deposited in the upper respiratory tract while smaller ones will go deeper [44, 45] . Drugs ≤5 μm reach the alveoli, are taken up by alveolar epithelial cells, are carried across the blood stream and also enter the surrounding lymph drainage system [42] . Drugs <5 μum enter the lungs. In order to penetrate to the periphery of the lungs, particles need to be approximately 1 μm in diameter. It should be noted that all droplets and powders have a range of aerodynamic sizes, which facilitates penetration to the periphery; this process is called transcytosis. However, the rule dictating that MMAD must be ≤5 μm only applies to certain drugs. For example, inhaled bronchodilators and corticosteroids act on the large bronchial tubes, so the rule would not apply, but cisplatin has to be absorbed in the alveoli so particles must be ≤5 μm. The electrophysical properties (Z potential) is the most important factor in larger airway branches since the drug interacts with the local transporters and local drug absorption is mostly done with this interaction (Figure 2) . It was observed in previous studies that the frequency of breathing and the tidal volume were increased and the inhalation was deeper and the deposition was more efficient proven with scintigraphy (V/Q scan-radiolabeled drug) [46, 47] . The additional administration of aerosol bronchodilators and corticosteroids has been observed to also enhance the deposition of the aerosols, regardless of whether or not there is an underlying respiratory disease [48] [49] [50] . Bronchodilators are known to dilate airways that are narrowed due to the underlying respiratory disease. On the other hand, inhaled corticosteroids block the initiation of inflammation locally. Based on the principal research of jet nebulizers, it was observed that the main factors affecting the droplet size were: the residual cup design, the flow rate, the drug and its properties, the residual cup loading, the pH and the mouthpiece design [15, [51] [52] [53] [54] [55] [56] . Moreover, it has been observed that the time of nebulization depends on the volume in the residual cup and inner cup design [40] . In specific, the higher the volume, the shorter the nebulization time [57] . Therefore, one could refill the residual cup with NaCl 0.9% when the volume of the solution reaches half of the initial fill within the residual cup, but this methodology can be applied only once [58] . On the other hand, the factors affecting the ultrasonic nebulizers are different as the equipment works on different principles: the temperature of the piezoelectric crystal, the time of nebulization, the addition of buffer, pH and the drug principles [57] [58] [59] [60] [61] [62] . Dry powder cisplatin has been created and it could be possibly administered as local therapy [63] [64] [65] . Dry powder has the disadvantage that the particles have two different axis (x,y) and one axis is always larger so they can easily induce cough. It has been previously observed that the inlet of the aerosol production systems also influences the droplet size production [66] . Furthermore, it has been observed that the addition of 5-7% CO 2 gas during an aerosol administration increases the tidal volume by 180% and reduces the respiratory frequency. However, this methodology has only been investigated in research studies and thus is not easily applicable in the everyday clinical practice.
Lung disease
During the inhaled insulin study, one of the factors that was thoroughly investigated was the underlying respiratory disease and how this factor affects the inhalation pattern and therefore the deposition and absorption of the inhaled drug. Insulin has been tested both as an aerosol mist and as a dry powder [33, 34] . The delivery systems that were created for insulin delivery through the airways had a cut off value of ≤30% of forced expiratory vital capacity.
Patients with lower values could not sufficiently inhale the mist/powder and therefore the deposition would not be proper. These patients usually had chronic obstruction pulmonary disease (COPD) with emphysema and/or bronchiectasis. Other patients entered the clinical trials with asthma diagnosis. As far as it has been observed that most patients with asthma have a disease that is well controlled with medication and therefore there was no contraindication. The insulin drug formulations that were administered, first in the trials and then as drugs in the market, were not observed to induce allergic shocks [33] . The main issues that had to be evaluated were the dose administration during lower respiratory tract infection and COPD/asthma exacerbation. Indeed, in these two cases, the best solution was to measure the blood glucose levels and administer the insulin drugs subcutaneously for as long as the symptoms lasted. The insulin dosage that was administered/absorbed was properly controlled during this period of time for the patient [33] . The same principles apply for the administration of aerosol chemotherapy.
Clinical studies

Platinum analogs
A number of studies have been performed, both in humans and in animals, with inhaled platinum analogs. Regarding human trials, the administration was performed with jet-nebulizers as a production system and under strict protection measures such as the high efficiency particulate air (HEPA) filter. In the animal studies, the aerosol was administered while the animals were inside a plastic cage or a plexi-glass chamber [28, 64, [67] [68] [69] [70] [71] . A number of evaluation examinations were utilized in order to check the safety and efficiency of the treatment. These can be summarized in the following: radiographic examinations, ki-67 cell proliferation, blood and urine analysis, pathological findings, high-performance liquid chromatography (HPLC), bronchoalveolar lavage (BALF), terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling assay and recording of Eastern Cooperative Oncology Group common toxicity criteria.
The main adverse effects observed were dose-dependent cough, nausea, fatigue and weight loss. However, the last three adverse effects can be associated with the drugs themselves and not with the route of administration. Moreover, it is important to remember that in most of these trials, a second drug was administered intravenously, and some adverse effects could be attributed to both drugs working synergistically. Several chemotherapy drugs have been administered as aerosol; these include 5-fluorouracil (5-FU), taxanes, doxorubicin, gemcitabine and 9-nitrocamptothecine (9-NC).
5-fluorouracil
5-FU was first used as aerosol almost 30 years ago [72] . The HEPA system and plexi-glass chamber was used and safety was evaluated with blood samples, HPLC and imaging techniques [73] [74] [75] [76] [77] . The drug was administered intrabronchially and regression of the tumor was observed. The drug was not delivered intratumorally as in other studies [24] . All patients were evaluated in all their sessions via bronchoscopy. Although the drug was administered as aerosol and it was certainly deposited on the surface of the intrabronchial tumors, a part of it went to the peripheral branches and a part was absorbed by the alveoli to the systematic circulation. We do not have information regarding the systematic circulation of the drug in other studies [28] . However, this was an early study, conducted before intratumoral administration began [78] , where the aerosol as a local therapy interacted with the surface of the tumor and was absorbed by the extracellular matrix of the tumor [79] . The adverse effects observed were mainly from the respiratory system and included dose-dependent glossitis and weight loss. 5-FU has been administered either alone or coated with lipids or liposome nanoparticles [75, 76] .
Taxanes
Taxanes have been administered either alone or in combination with other drugs [80, 81] . Cyclosporin A has been also co-administered as a method to augment the efficiency of aerosol taxanes [82] . Safety was evaluated with blood samples, pathology findings, HPLC and V/Q scans. All studies were performed in animals and the administration was done in sealed cages. The drug formulation administered was either coated with liposomes or lipid base. The adverse effects were extreme aggressiveness, weight loss and neurological toxicity.
Doxorubicin
Testing of doxorubicin safety was performed with the respiratory capacity tests, HPLC, V/Q display, imaging techniques, blood samples, pathology findings, confocal laser scanning microscopy and colorimetric assay for cell proliferation. Chest pain, cardiac toxicity, weight loss, wheezing, alveolar hemorrhage, hypoxia and >20% reduction of pulmonary function tests values were observed. Corticosteroids were used to treat these adverse effects. However, when loaded microparticles or liposomes were used to coat the drug, the observed side effects were reduced [83] [84] [85] [86] . The administration of the aerosol drug was performed in specially designed cages, chambers or HEPA with hood.
Gemcitabine
Gemcitabine is known to have light systemic side effects when administered intravenously [87] . The aerosol was administered in specially designed chambers and cages. The evaluation of the drug distribution, safety and efficacy were performed with V/Q scan, HPLC, BALF, blood samples, pathology findings and cell proliferation. The most severe adverse effect experienced was acute pulmonary toxicity in the form of neovascularization, pulmonary edema and connective tissue formation. Moreover, emesis, bronchospasm and excessive cough were observed [88] [89] [90] .
9-nitrocamptothecine 9-NC has been investigated using plastic cages -for animals -and HEPA stations -for humans. The safety was investigated with HPLC, blood and urine samples, imaging techniques, Ki-67 proliferation, pathology samples and platelet-endothelial cell adhesion. No adverse effects were observed when it was administered to the animals; however, cough, pharyngitis and bronchitis were observed in the human studies and they were dose dependent. In all studies, the 9-NC was administered in a liposome form [91, 92] .
Bevacisumab
Bevacisumab has not been administered as aerosol chemotherapy, but it is a strong antineovascularization drug used to treat NSCLC [93] . It has been used for hereditary hemorrhagic telangiectasia-associated epistaxis in the form of aerosol nasal spray and submucosal injections, and therefore is worth mentioning [94, 95] . The concept was to block the local anarchic proliferation of the vessels. The adverse effects were ageusia, anosmia, hypertension, headache, hemorrhage, septal perforation and nasal obstruction. These studies utilized blood samples, epistaxis severity score and custom-made questionnaires with phone contact.
Safety
We have divided this section in to two arms; the first has to do with safety of the surrounding environment during the production and administration of aerosol drugs, using cisplatin as an example, and the second with the adverse effects of these drugs, again focusing on cisplatin, to the body. The proper site of administration of cisplatin for patients would be inside a HEPA filter fan unit with a hood or other capture structure. This system provides clean, micro-filtered air, via a reverse-flow hood, that captures contaminants generated in the work administration area for safe cleanroom release [96] . This system has filters designed to reabsorb the drug that was not inhaled and measure the quantity that is reabsorbed. The masks that have been designed for the clinical studies included in this review did not provide a proper seal around the face, so part of the drug was released in the surrounding environment. In a study by Nygren et. al. [97] , wipe sampling from the surrounding area provided information regarding the drug that was not inhaled.
Regarding the second arm of safety of inhaled chemotherapy, when we evaluate the safety of an inhaled drug, we should consider the respiratory capacity of the patient, which can be evaluated with spirometry and diffusion capacity for carbon monoxide (DLCO). The spirometry can provide us with a short-and long-term evaluation of the respiratory capacity. The main values we have considered are the forced expiratory volume in 1 s, forced vital capacity and peak expiratory flow. The DLCO will provide us, again, with a short-and long-term evaluation of the diffusion capacity of the smaller airways. Another test that has been used is the 6-min walking test, which provides information on both the respiratory capacity and biological status of a patient [28, 98] . BALF fluid is another method for early inflammation identification. BALF fluid is actually acquired with bronchoscopy where 180 ml of saline are distilled within the airways and then with suction part of the initial solution is acquired and send to the laboratory [99] . Imaging techniques are necessary for the evaluation, not only for the staging and restaging of NSCLC, but also to provide us with information regarding the lung parenchyma. First, it shows whether we have architectural damage, such as emphysema, bronchiectasis and fibrosis, upon initiation of the therapy. Afterwards, it will provide us with re-evaluation of the possible damage that was induced. As previously described, patients with severe emphysema and bronchiectasis should not be candidates for this method of administration. The main issue incurred during the administration of inhaled chemotherapy was whether fibrosis would occur as a long-term damage, or pneumonitis as a short term [100] . The simple methods of the respiratory evaluation will provide us with information regarding a bronchoconstriction that might occur and inhaled corticoids and bronchodilators can immediately be administered. Bronchitis obliterans can also be presented as an acute or later form of adverse effect. In this case cough and dyspnea is observed. The main radiologic findings are hyperinflation, air trapping and mosaic pattern. The pathology examination usually reveals neutrophil infiltration and granuloma tissue generation [101] . The usual cough observed in COPD patients might occur as persistent and nonproductive either upon initiation of the administration or after. Usually large molecule drugs tend to induce this adverse effect and, in response, inhaled corticoids along with bronchodilators should be administered. This type of cough usually stops after a number of sessions but if the symptom persists then we should definitely stop the inhaled chemotherapy administration [28] . Upon initiation, a patient receiving inhaled chemotherapy should have both respiratory capacity evaluation and imaging evaluation, only in this way upon follow-up the adverse effects will be properly evaluated. Pharyngitis can also be observed in some patients since the inhaled drug passes through the area [36] . Acute pulmonary toxicity can be observed in the form of neovascularization, or even pulmonary edema and connective tissue formation of the surface of the bronchus [88] [89] [90] .
Regarding dry powder formulations, there is a well-known association between increased morbidity and mortality from cardiopulmonary disease and airborne particulate matter (particles of 3.6 × 10 6 ) [102] . We have not commented on other adverse effects, since many of these (e.g., nausea, emesis, neuropathy and fatigue) can also be induced from the therapy itself and not from the interaction of the inhaled drug with the respiratory tract. Based on the previous data presented regarding the adverse effects and safety, we have graded the inhaled chemotherapy drugs as follows, starting from the worse adverse effects presented during administration going to the safest: Taxanes>Doxorubicin>Gemcitabine>Platinum analogs>5-FU>9-NC>Bevacizumab. However; bevacizumab was not administered as aerosol treatment for NSCLC.
Summary
Every aerosol-delivery system has its advantages and disadvantages. Depending on the patients' underlying respiratory disease and lung function test results, the doctor has to decide which aerosol production system and delivery method is the most appropriate. The production systems of ultrasonic nebulizers and jet-nebulizers do not require the coordination between patient and administration. However, a large quantity of the drug is lost in the surrounding environment. It has been observed that the misuse of dry powder inhalers could lead to the drug being blown into the device. Moreover, local cell structures and cells such as enzymes, beating cilia, mucus, local transporters/genes and macrophages, play a crucial role in the absorption of inhaled drugs as these factors should be considered when designing a drug. Inhaled cytotoxic therapies should only be administered in a controlled environment where the drug that was not inhaled is captured by special filters. Therefore, for now the administration should be done only in medical establishments. Moreover, based on our knowledge from inhaled insulin and inhaled antibiotics, we know that underlying respiratory disease has to be properly evaluated with lung function tests (spirometry, 6-min walking test and DLCO) and imaging techniques such as computed tomography using high resolution pattern. The main contraindication would be a STAGE IV COPD diagnosis, severe uncontrolled asthma and bullous emphysema or extended bronchiectasis. Low respiratory capacity would mean that the inhaled drug does not reach the lower peripheral parenchyma. Moreover, a large concentration of the drug inside emphysema bullaes or large bronchiectasis would possibly induce a nonspecific allergic reaction. It has been previous observed that aerosol compounds have the ability to penetrate both the main lesion and lymph nodes [37] . The same results have been observed with intratumoral injection of platinum analogs in the main lesion and lymph nodes when patients were not fit for inhalation [78] . Aerosol platinum analogs are an efficient treatment and they have presented a fair safety profile compared with other chemotherapy drugs, new studies with novel methods of safety evaluation are needed [103] .
Future perspective
The administration of the drug should not be done in a dry or cold environment in order to reduce the possibility of a bronchoconstriction. Breath actuated devices should be chosen since they provide a control release of the drug. Peak expiratory flow devices should be used before any inhaled chemotherapy administration as it has been observed that they are easy to use and they evaluate short term respiratory adverse effects. After the administration, a re-evaluation with a peak flow meter will provide us with a possible adverse effect. Inhaled bronchodilators and corticoids should be used before each session as a method to protect from bronchospasm. Technology allows us to produce different coatings for drug molecules and by doing this modification we might be able to efficiently treat tumors with different gene expression. Drugs will efficiently penetrate the extracellular matrix of different tumors with different gene expressions, as seen in the case of the EGF-gelatin-platinum conjugation where a platinum analog penetrates a tumor expressing epidermal growth factor more efficiently than platinum alone [104] . In case a patient is not fit for aerosol administration, intratumoral platinum analogs could be considered as they have proved efficient as a palliative care in previous studies [24, 78] . Custom made evaluation methods (safety and efficacy) must be created for this type of treatment. It is not possible to administer only one agent as therapy, but only as palliative care. In order to utilize this treatment for therapy, we have to test two agents at once, but this means we will not be able to evaluate properly the adverse effects. Moreover, the adverse effects will possibly be more severe with a harsh nonproductive cough, a reduction in pulmonary test values and pneumonitis. We should further evaluate how the aerosol platinum analogs penetrate the lymphatic system and reduce micrometastasis. We could possibly consider aerosol platinum therapy as neoadjuvant or adjuvant treatment as it could have less adverse effects, at least for those patients that are candidates for adjuvant therapy.
Executive summary
• We need more efficient methods for early lung cancer diagnosis.
• We need novel drugs for non-small-cell lung cancer.
• We need to use these in a more efficient way than current chemotherapy drugs.
• Novel aerosol production systems are on the way.
• More studies with aerosol chemotherapy drugs are needed in order to observe safety and efficiency.
• Platinum analogs are very effective as a local drug administration.
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